Summary. The effects of rat growth hormone (1 ~tg/ ml) on the synthesis and release of insulin by isolated rat islets of Langerhans were studied. There was no effect of growth hormone on the release of insulin from freshly isolated islets during 30 min incubation periods. By contrast, islets previously cultured for 16h with growth hormone exhibited a 40% increase in the release of insulin in response to glucose or to glucose and theophylline. These islets also showed specific increases in basal and glucose-stimulated insulin synthesis of 16% and 21% respectively, together with a 22% increase in the basal rate of total protein synthesis. The total insulin content of islets was not affected by culture with growth hormone. The adenylate cyclase activity of islet homogenates was unaffected by the presence of growth hormone during 30 min incubations. When homogenates from islets previously cultured with growth hormone were studied, basal adenylate cyclase activity was unchanged, while fluoride-stimulated adenylate cyclase activity was increased by 37%. It is concluded that growth hormone can directly affect the synthesis and release of insulin in islets of Langerhans, without relation to its metabolic activities in other target organs.
Growth hormone (GH), has long been thought to affect the islets of Langerhans [1] , and blood levels of insulin are known to be increased following growth hormone treatment in animals [2] . There has, however, been considerable controversy as to whether such effects are immediate or delayed. The balance of evidence favours a delayed response. Thus, islets isolated from hypophysectomised rats injected with growth hormone for some days, show increased rates of insulin synthesis and release by comparison with controls [3, 4, 5, 6, 7, 8] .
By contrast, when growth hormone is incubated with isolated islets in vitro for up to three hours, it has been shown that there is no direct stimulation of insulin release [4, 9, 10, 11] . This confirms studies using pancreatic pieces or whole pancreatic peffusion [4, 9, 12, 27] , although here the acute stimulation of insulin release by GH has also been reported [13, 28, 29] .
In the present study, long term effects of growth hormone on islet function have been examined in an islet tissue culture system in order to exclude the influence of other tissues on fi cells.
Materials

Reagents
Radiochemicals were obtained from the Radiochemical Centre, Amersham, U.K. Collagenase, Hepes (4-(2-hydroxyethyl)-piperazine-ethanesulphonic acid), and cyclic AMP came from Sigma (London) Chemical Co. Ltd., Kingston, Surrey, U. K. Insulin binding reagent and human insulin standards were supplied from Wellcome Reagents Ltd., Beckenham, Kent, U.K. Bovine serum albumin fraction V (B S A) came from Armour Pharmaceutical Co Ltd., Eastbourne, Sussex, U.K. Tissue culture medium 199, newborn calf serum, and Hanks basic salt solution were from Flowlabs Ltd., Irvine, Ayrshire, U.K. Glaxo Laboratories Ltd., Greenford, Middlesex, U. K. supplied penicillin O012-186X/80/0018/0323/$01.20 [15, 23] . The sensitivity of the assay for 7/69 GLI wad in 0.154 mol/1 saline, sterilized by filtration, and stored at -20 ~ at a concentration of 200 ,ug/ml for one month.
Animals
Male Sprague-Dawley rats, 220-250 g, were used. They were allowed free access to food and water.
Methods
Tissue Culture of Isolated Islets
Islets were isolated from rat pancreases using collagenase digestion techniques [14, 15] . The medium used for isolation was Hanks basic salt solution supplemented with 20 mmol/l Hepes, penicillin 100 units/ml, streptomycin 0.1 mg/ml, and sodium bicarbonate 350 rag/1. Some islets were studied immediately, while others were transferred to 5 cm plastic petri dishes. About 40 islets were placed in each dish, in a culture medium consisting of 4 ml of tissue culture medium 199 (pH 6.9) supplemented with 2Q% (v/v) newborn calf serum, penicillin 100 units/ml and streptomycin 0.1 mg/ml. The glucose concentration was 5.6 mmol/1. Some dishes also contained 25 ~tl of rat GH in solution giving an initial concentration of 1 ~tg/ml. The concentration of GH, as assayed by a radioreceptor assay based on the method of Tsushima and Friesen [31] , and specific for GH, had fallen to 0.09 ~tg/ml after 16 h of culture [16] . The islets were maintained in an incubator at 37~ in a humidified atmosphere of air/CO 2 (95:5). The tissue culture method [15] had been modified by the use of dishes to which the islets would not adhere but would remain free-floating [16] . Whilst this method allowed for the successful culture of islets for a week or more with good preservation of islet function, it was found that harvest after overnight culture yielded islets with the best sensitivity to glucose stimulation. Therefore, after 16 h, the islets were removed with a fine pasteur pipette and treated as described below.
Determination of Insulin Release
Freshly isolated or cultured islets were pre-incubated for 30 min at 37 ~ in a bicarbonate-buffered medium, pH 7.4, [17] previously gassed with CO2/O 2 (5 : 95) and containing bovine serum albumin 2 mg/ml and glucose 5 mmol/1. Groups of three islets were then incubated for 30min in 1 ml of fresh bicarbonate-buffered medium containing various concentrations of glucose, and also 5 mmol/1 theophylline when appropriate. Rat GH, 1 ~tg/ml, was also present in some tubes in some experiments. After the incubation the medium was sampled and the concentration of insulin determined by radioimmunoassay [18] , using human insulin standards. Rat GH is very unlikely to cross react in this assay. The rate of insulin release was expressed as the amount of insulin released per islet per 30 min.
Determination of the Biosynthetic Activity of Islets"
Incubation of Islets. Groups of ten cultured islets were incubated in tubes containing 0.2 ml of bicarbonate-buffered medium, pH 7.4, previously gassed with CO2/O2 (5:95) and supplemented with bovine serum albumin 2 mg/ml, and either 2 retool/1 or 20 mmol/1 glucose, together with 10 ~tCi of L-(4,5-3H) leucine per tube. The tubes were incubated with gentle shaking, for 1 h at 37 ~ After incubation, the islets were washed twice in 40 mmol/1 phosphatebuffered saline (containing 1 mg/ml L-leucine, pH, 7.4), and subsequently sonicated for 10s in a further 150 ~tl of the phosphatebuffered saline. These sonicates were diluted and frozen until needed for assay. The total insulin contents of the sonicated islets were later determined by radioimmunoassay.
Estimation of Rates of Insulin Synthesis. The newly synthesised
labelled insulin and proinsulin were separated from the rest of the islet proteins by the incubation of diluted sonicates of islets with an excess of guinea-pig anti-insulin serum (AIS) coupled to cyanogen bromide-activated Sepharose (AIS-Sepharose) [19] . The antibodies used in this assay completely bind all insulin immunoreactive material, including proinsulin [20] . Normal guinea-pig serum (NGS) coupled to activated Sepharose (NGS-Sepharose) served as a control for the non-specific binding of labelled proteins to the Sepharose beads and serum. The non-specific absorption of NGSSepharose has been shown not to be identifiable with insulin or proinsulin [19, 20] .
Immune Binding of Labelled Insulin. Duplicate 50 ~1 samples of the diluted islet sonicates were placed in serum tubes. 200 ~tl of either AIS-or NGS-Sepharose, and 800 ~tl of the phosphate-buffered saline (supplemented with BSA 2 mg/ml), were added to each tube and they were then mixed and rotated for 90 min. After incubation, the Sepharose beads were washed with phosphatebuffered saline and solubilised overnight at room temperature in 0.8 ml of Soluene 350 tissue solubiliser. Toluene scintillant (8 ml) was then added and the vials counted.
Estimation of Total Protein Synthesis. Samples of 50 [,1 (in dupli-
cate) of each islet sonicate were mixed with 100 ul of phosphatebuffered saline (containing BSA 5 mg/ml) and the proteins were precipitated by the addition of 5% (w/v) trichloroacetic acid. A blank containing only phosphate buffered saline with added BSA was always used. The precipitate was collected by centrifugation for 5 min at 2000 g, then washed with 5% trichloroacetic acid and solubilised for 2h in 0.8 ml of Soluene. Scintillant (8 ml) was added and the vials counted.
Expression of Results. Radioactivity incorporated into insulin was
taken as the difference between the radioactivity bound to the AIS-Sepharose beads and the NGS-Sepharose beads. To correct for differences in size and insulin content of islets, the incorporation of 3H-leucine into protein was expressed as cpm/ng total islet insulin conteut/h.
Measurement of Islet Adenylate Cyclase Activity
Rat islets were isolated and homogenised in groups of 50 in 25 mmol/1 Tris/HC1 buffer (pH 7.6). Adenylate cyclase activity was then estimated by measuring the rate of formation of cyclic 32p-AMP from cP2P-ATP in 30min incubations [21] . NaF (10 mmol/1) or rat GH (0.1 and 1 9g/ml) were present during the incubations as appropriate. After incubation and separation of the newly synthesised cyclic 32P-AMP from the reaction mixture by elution on alumina columns, the eluates were counted directly in a liquid scintillation counter. The protein concentration of each homogenate was measured colorimetrically [30] , using crystalline bovine albumin standards. Adenylate cyclase activity was then expressed as pmol cyclic 32p-AMP formed/mg islet protein/ 30 min.
Statistical Treatment of Results.
Results are expressed as means _+ SEM. The significance of differences between means was analysed by using Student's t test.
Results
Insulin Release and Total Insulin Content of Isolated Islets
The insulin release of freshly-isolated islets, in response to 20 mmol/1 glucose, was three times that in response to 5 mmol/1 glucose, and a further stimulation was seen in the presence of 20 mmol/1 glucose plus 5 mmol/1 theophylline ( Table 1 ). The addition of rat GH during the 30 minute incubation had no effect on basal or glucose stimulated insulin release. The insulin release from islets after 16h of culture was comparable to that of freshly-isolated islets, save that the response to 20 retool/1 glucose was increaSed ( Table 1 ). The presence of rat GH during the 16h culture period significantly increased the amount of insulin subsequently released. However the total insulin content of the islets was not significantly affected. Thus, the mean insulin content for islets, cultured in a medium containing growth hormone, was 22.6 + 1.8 ng insulin/islet as opposed to 20.2 _+ 1.2 for control islets (n = 16).
Biosynthetic Activity of Isolated Islets
After 16h of culture, insulin synthesis showed a well preserved glucose sensitivity. Glucose at 20 mmol/1 stimulated insulin synthesis 5.6 • when compared to 2 mmol/l (i. e. basal) glucose (Table 2) , and there was a corresponding 3-fold increase in total protein synthesis ( Table 2 ). The presence of rat GH during culture was found to raise basal insulin synthesis and basal total protein synthesis significantly. When islets were incubated with 20mmol/1 glucose, insulin synthesis was significantly potentiated by rat GH, while the glucose-stimulated total protein synthesis was unaffected.
Expressing these results in terms of insulin synthesis as a percentage of total protein synthesis, 20 mmol/1 glucose caused the proportion of insulin synthesis in islets to increase to twice the basal level ( Table 2 ). The increase in basal insulin synthesis due to rat GH was not statistically significant, but the ratio of insulin synthesis to total protein synthesis at 20 mmol/1 glucose was significantly raised by rat GH.
Adenylate Cyclase Activity of Isolated Islets
To determine whether long-term changes in insulin release or insulin biosynthesis may be mediated through an increase in islet adenylate cyclase activity, the activity of this enzyme in islet homogenates was studied. With freshly isolated islets, 10 mmol/1 NaF stimulated the adenylate cyclase activity to 3.5 • the basal level (Table 3 ). The presence of rat GH during the 30 minute incubation however, did not significantly affect the basal adenylate cyclase activity, at either of the two concentrations used. The basal adenylate cyclase activity of islets cultured for 16h was similar to that of freshly-isolated islets and there was a well-preserved response to stimulation by NaF (Table 3) . Rat GH, present during the 16h culture period, did not affect basal adenylate cyclase activity, but the response to NaF stimulation was significantly raised. Table 2YInsulin and total protein biosynthesis in isolated rat islets of Langerhans maintained in tissue culture in the presence and absence of growth hormone (1 bg/ml). After 16h, groups of 10 islets were incubated with 3H-leucine in a bicarbonate-buffered medium for lh, and following son• of the islets, the newly synthesised insulin and pro-insulin were isolated from the islet homogenates by a procedure utilising insulin antibody bound to Sepharose. Biosynthetic activity is expressed as the incorporation of 3H-leucine into protein. Table 3 . Adenylate cyclase activity of isolated rat islets of Langerhans in the presence and absence of growth hormone. Rat islets were isolated and homogenised in groups of 50 in Tris/HC1 buffer. Adenylate cyclase activity was then estimated by measuring the rate of formation of cyclic 32p-AMP from a32p-ATP in 30 rain incubations. Expt. 1: Freshly-isolated islets were studied with rat GH or NaF added to the incubation medium. Results are means + SEM of 3 observations. Expt. 2: Other isolated islets were maintained in tissue culture medium, with or without rat GH (1 ~tg/ml), for 16h prior to their 30 min incubation. 
Short-term Action of Growth Hormone on Insulin Release in Islets
The finding that rat GH will not directly affect the insulin release of freshly-isolated islets within 30 minutes (Table 1) agrees with many earlier studies already mentioned. The observation that basal islet adenylate cyclase activity is unaffected by rat GH in the short term (Table 3) is also consistent with this. These two findings also indicate that the levels of adrenocorticoptropin and thyroid-stimulating hormone are negligible in the rat GH preparation used here. These two pituitary hormones have been shown to stimulate insulin release and islet adenylate cyclase directly in the short term in vitro [22] . It is concluded that over such a period of time, growth hormone at the concentration used is without direct effects on the release mechanism. By contrast, there is evidence that GH may directly stimulate insulin biosynthesis, [5, 9, 23] although there has been one report of no significant stimulation [10] . The positive effects possibly arise by GH influencing both the translation of messenger RNA and the transport of amino acids into islets [23] . Similar effects have also been seen in studies of the action of GH in vitro on protein synthesis in muscle [24] . Whether the increased insulin synthesis is a specific effect in relation only to insulin or part of a generally increased rate of protein synthesis is not yet clear.
Despite the lack of a rapid effect of intact growth hormone on insulin release reported in these studies, some recent work has strongly suggested that synthetic peptides containing C-terminal sequences of growth hormone may produce a more immediate and direct effect on islets [26] . Furthermore, a factor closely associated with growth hormone, but not identical with it, may also stimulate insulin release in per• islets of hypophysectomised rats, while purified, intact, human GH will not [11] . In the light of these observations the question also arises as to whether or not growth hormone is being modified in the tissue culture to a more biologically active material. This question cannot at present be answered with any certainty.
Long-term Action of Growth Hormone on Islets in Tissue Culture
Insulin release (Table 1) , and islet adenylate cyclase activity (Table 3 ) are shown to be functionally wellpreserved in islets recovered after culture for 16h. In addition, the responses of insulin and total protein synthesis to glucose (Table 2) , compare well with the responses seen in freshly-isolated islets [20] . The culture system is therefore an adequate one for the study of direct action of GH on islets. Table 2 shows that islet protein synthesis, and insulin synthesis in particular, are both stimulated (an effect already noted in short term experiments). The responses of insulin release to both low and high glucose concentrations are also raised, which implies an increase in islet sensitivity to glucose stimulation ( Table 1 ). It is possible that some of the influence of GH on insulin release is a result of the stimulation of basal protein synthesis in islets, and further study of the onset of potentiation of insulin release and the relationship of insulin synthesis is needed. However, in general, long-term changes in insulin release, due to glucose or hormonal variation, are often mediated through changes in islet adenylate cyclase activity [25] . Over a period of time, raised levels of cyclic AMP lower the threshold concentration at which glucose becomes effective, and potentiate the response to stimulatory glucose concentrations. The results in Table 1 can begiven this interpretation and furthermore, it can be seen that theophylline is more effective in potentiating the glucose-stimulated insulin release of those islets cultured with rat GH than that of the control islets. If rat GH did act in the longterm via increased adenylate cyclase activity then its effect on insulin release would be more readily demonstrable in the presence of theophylline (which inhibits cyclic AMP breakdown). However, the study of islet adenylate cyclase activity itself did not entirely confirm this hypothesis. Rat GH raised the response of adenylate cyclase to NaF stimulation (Table 3) , which indicates an increase in the total amount of adenylate cyclase present in the islets [25] , but did not cause an increase in the basal activity of the system (Table 3) . Clarification of the role of cyclic AMP in the action of GH must await the direct measurement of cyclic AMP levels and protein kinase activity in islets after culture with GH.
It has sometimes been assumed that growth hormone by acting as an insulin antagonist will raise blood glucose which in turn will affect islet activityso that its effect on the islets are indirect. The experiments reported here have clearly indicated that even though this effect is delayed, growth hormone must directly affect the islets of Langerhans. They should therefore be considered as a major target organ for its activity.
